Background This study examined relationships between excess body weight (EBW) loss and current gait and functional status in women 5 years after Roux-en-Y gastric bypass surgery. Methods Gait data were analyzed in nine female bariatric patients for relationships with longitudinal changes in weight, body composition, and physical function assessed by the Short Musculoskeletal Functional Assessment (SMFA) questionnaire and the timed "get-up-and-go" (TGUG) test. Gait characteristics in the bariatric sample were also compared to an age-and BMI-matched nonsurgical reference sample from the Fels Longitudinal Study. Results Bariatric patients lost an average of 36.4 kg (61.1 %) of EBW between preoperative and 5-year follow-up visits (P <0.01); SMFA function index scores and TGUG times also decreased (both P <0.01). Degree of EBW loss was correlated with less time spent in initial double support and more time in single support (both P =0.02), and for all gait variables, the bariatric sample fell within the 95 % confidence intervals of gait/EBW relationships in the reference sample. Conclusions Gait and function 5 years after bariatric surgery were characteristic of current weight, not preoperative obesity, suggesting that substantial, sustained recovery of physical function is possible with rapid surgical weight loss.
Introduction
Significant functional complications of obesity include altered walking gait [1] [2] [3] [4] , which limits activities of daily living and health-related quality of life [5] . Functional impairment is especially severe with greater body mass index (BMI) and higher degrees of obesity (Class III obesity: BMI≥40.00) [1, 6, 7] . To reduce the impact of functional impairment on health-care costs and quality of life, lowering the rate of obesity rate is a major public health priority [8] .
Diet and exercise are preferred weight control methods, but when these fail to produce sustained weight loss, bariatric surgery is an effective and increasingly common treatment for class III obesity [9] . Roux-en-Y gastric bypass (RYGB), historically the most common procedure, creates a small gastric pouch, a gastrojejunostomy, and a jejunojejunostomy [10, 11] , leading to weight loss via accelerated satiety, altered gut hormonal responses, and significant restriction of caloric intake [12] . Typically, RYGB results in loss of 55-75 % of excess weight [13] [14] [15] , which is associated with functional improvement shortly after surgery [4, 10, [16] [17] [18] . It is not well-known whether postsurgical functional gains are sustained over longer time periods.
To our knowledge, this is the first study to present data on long-term functional outcomes following RYGB bariatric surgery. This study uses quantitative gait analysis along with the Short Musculoskeletal Functional Assessment (SMFA) questionnaire and the timed "get-up-and-go" (TGUG) test to examine functional status in women 4-to −5 years after RYGB weight loss surgery. The sample includes women from Southwest Ohio who previously participated in a 1-year follow-up-tosurgery study [10] and a comparative age-and BMI-matched nonsurgical reference sample from the Fels Longitudinal Study. The study tests the hypotheses that current gait in the postsurgery bariatric patients is normal for their current BMI and that current gait patterns are related to longitudinal changes in weight, body composition, and functional status.
Patients and Methods
Bariatric Sample Recruitment targeted previous participants in a 1-year follow-up study of weight loss and function following RYGB surgery [10] , and inclusion criteria for which were scheduled RYGB surgery, female sex, age of ≥20 years, and no previous bariatric surgery. Of 47 women in that study, 11 agreed to participate in the present study, and 2 dropped out before data collection, leaving N =9 women in the current sample. This follow-up rate is similar to other medium-to long-term studies of RYGB surgical outcomes [19] . Procedures and risks were described to participants, who gave informed consent prior to data collection. All procedures were approved by the local institutional review board.
Reference Sample The reference sample (Fels, N =132) consisted of healthy female participants in the communitybased Fels Longitudinal Study [20] . Since age and BMI are associated with variation in gait patterns [2, 21] , the Fels sample was matched to the bariatric sample by including only participants within the current bariatric sample ranges (age, 25.5-73.5 years; BMI, 25.0-40.0 kg/m 2 ); sample distributions did not differ (Kolmogorov-Smirnov, age, P =0.99; BMI, P =0.52). Participants were excluded for weight loss surgery; lower limb joint replacement; chronic gait-related neuromuscular or musculoskeletal disorders; toe walking; prescription shoe inserts; lower limb, pelvic, or vertebral skeletal injury ≤5 years before testing; or lower limb, pelvic, or back soft tissue injury ≤1 year before testing. Osteoarthritis (OA) was not exclusionary since obesity is a factor in the etiology of lower limb joint OA [22, 23] . Lower limb joint OA incidence was 33 % in the bariatric sample and 9 % in the Fels sample.
Body Composition and Anthropometric Measurements Both samples were measured for height (in centimeter), sitting height (in centimeter), weight (in kilogram), and abdominal circumference (in centimeter) using standard methods [24] . BMI was calculated from weight and height as in kilogram per square meter. Ideal body weight (IBW) was calculated as
. Excess body weight (EBW) was calculated as EBW (kg) = weight − IBW. Lower limb length (in centimeter) was calculated as height − sitting height. Dual-energy X-ray absorptiometry (DXA) measured fat mass (in kilogram) and fat-free mass (in kilogram).
Short Musculoskeletal Functional Assessment Questionnaire
The SMFA test [26] of functional status was administered to the bariatric sample only. This questionnaire results in two indices: the bother index evaluates the degree to which individuals are bothered by musculoskeletal conditions in daily life, and the function index gauges functional limitations in activities of daily living. Higher scores indicate greater bother or poorer function.
Timed Get-Up-and-Go Test The TGUG is a validated test of balance and function [27, 28] and was administered to the bariatric sample only. Participants are timed as they rise from a seated starting position, stand and walk at 3 m, turn without assistance, and walk back and return to the seated position.
Deviations from confident, normal performance are noted. Participants are not formally trained before testing.
Quantitative Gait Analysis Spatiotemporal gait variables were measured in the Motion Analysis Laboratory at the Wright State University Boonshoft School of Medicine. The lab is equipped with a six-camera three-dimensional quantitative gait analysis system (Motion Analysis Corp., Santa Rosa, CA), which records external passive reflective markers placed according to the Helen Hayes Marker System [29] . Gait data were processed using Cortex and OrthoTrak software (Motion Analysis Corp., Santa Rosa, CA) and were normalized for lower limb length [30] . Additional equipment and methodological details are described elsewhere [31] .
Timing of Measurements
In the bariatric sample, data on weight, height, abdominal circumference, TGUG, and the SMFA were collected at both preoperative and follow-up visits.
Longitudinal changes in these variables were calculated as value at follow-up − preoperative value. Fat mass and fat-free mass from DXA, as well as sitting height and gait variables, were measured only at the bariatric sample's follow-up visit. In the Fels sample, all measurements were taken at a single visit.
Statistical Analysis Analyses were two-sided with significance set to α =0.05, performed using SAS version 9.3 (SAS, Inc., Bariatric sample data (filled circles) are plotted for comparison, falling largely on or within the prediction intervals for the age-and BMI-matched Fels sample.
Step length was the only gait variable not significantly related to EBW in the Fels sample Cary, NC). Due to sample size and nonnormal distributions of variables in the bariatric sample, nonparametric methods were used for most tests. In the bariatric sample, changes in body composition, anthropometric variables, and functional status from the preoperative visit to the follow-up visit were analyzed using Wilcoxon signed rank tests. Differences in means between Fels and bariatric participants at follow-up were assessed using Wilcoxon two-sample tests. In the bariatric sample, Spearman's partial rank correlation determined associations between variation in gait parameters and changes from preoperative to follow-up visits in functional status, weight, BMI, EBW, and abdominal circumference. In the Fels sample, linear regression analysis determined relationships between gait variables and BMI. Bariatric sample gait data were plotted against the Fels regression lines and their 95 % prediction intervals to assess whether bariatric participants fell within the Fels sample's range of variation.
Results
In the bariatric sample, average time between the preoperative visit and the follow-up visit was 4.8±0.3 years; average time between surgery and follow-up was 4.7±0.2 years. Prior to surgery, one bariatric participant was classified as class II obese (BMI=35.00-39.99), and eight were class III obese (BMI≥40.00) by World Health Organization standards [6] . From the preoperative visit to the follow-up visit, bariatric participants exhibited significant reductions in weight, EBW, BMI, and abdominal circumference (for each P ≤0.01; see Table 1 ). On average, bariatric participants lost 36.4 kg or 61.1 % of EBW (range, 11.6-55.7 kg; 19-87 %). At the follow-up visit, six participants were classified as pre-obese (BMI=25.00-29.99), one was class I obese (BMI=30.00-34.99), one was class II obese, and one was class III obese. Change in the SMFA bother index over the same time period did not reach significance (P =0.06), but there were significant improvements in function, with an average reduction in SMFA function index scores of 32.5 points and a decrease in average TGUG time of 3.8 s (both P ≤0.01). Table 2 presents results from the bariatric sample for Spearman's partial correlation analysis, controlling for age, between gait variables and changes from the preoperative visit to the follow-up visit in body composition, anthropometric variables, TGUG, and SMFA indices. Percentages of the gait cycle spent in initial double support and in single support were significantly correlated with absolute changes in EBW (see Fig. 1 ), weight, BMI (P =0.02 for all), and abdominal circumference (P =0.01). Neither initial double support time nor single support time was significantly correlated with changes in SMFA bother or function indices (bother, P =0.34; function, P =0.09), change in TGUG time (P =0.25), or percent EBW loss (P =0.08). None of the other gait variables were significantly correlated with changes in body composition, anthropometric variables, or SMFA indices, and the pattern of correlations remained the same even when not controlling for age.
Mean values for the study variables in the bariatric sample at 5-year follow-up and in the Fels sample are presented in Table 3 . The sole variable for which the two samples differed significantly was lower limb length (P =0.05). Within the Fels sample, significant linear regression relationships were found between EBW and normalized forward velocity (b =−0.0011; P <0.01), normalized cadence (b =−0.0007; P =0.01), normalized step width (b =0.0010; P <0.01), and percent of the gait cycle spent in initial double support (b =0.044; P <0.01) and single support (b =−0.044; P <0.01). The relationship between normalized step length and EBW was not significant (b =−0.0009; P =0.07). For all regression relationships, the bariatric participants fell on or within the Fels sample's 95 % prediction interval lines (Fig. 2) .
Discussion
Functional recovery is an important correlate of the significant weight loss that results from bariatric surgery and can occur rapidly in the short term [4, 10, [16] [17] [18] . This study provides Fig. 3 Relationship between normalized forward velocity and timed getup-and-go time in the bariatric sample. Although the initial relationship is not significant (solid line; P =0.14), this result is strongly influenced by one participant (marked with an asterisk) who had the highest current forward velocity and the least improvement in TGUG time (0.7 s vs. a mean of 4.2 s in the remaining sample), suggesting a high degree of functional mobility even before surgery. Excluding that participant, the TGUG/forward velocity relationship is significant (dotted line; P =0.03), and faster walking velocity is associated with shorter TGUG time new evidence that improvements in walking gait are maintained even 4 to 5 years after surgery. Gait signatures of women in the bariatric sample were consistent with their current EBW, BMI, and obesity status, rather than what would be expected for their preoperative status. Compared to published data for class III obese women [32, 33] , women in the bariatric sample including the two women who remained obese (classes I and II) took longer and narrower steps and walked at higher cadence and velocity. Greater postsurgical weight loss also correlated with less time spent in double support and more time spent in single support during the gait cycle. The direction and magnitude of these results are consistent with changes in gait observed 3 to 12 months after surgery in other studies [4, 17, 18] , indicative of a shift toward more normal gait. Thus, these findings show that simply moving into a lower obesity class via surgical weight loss is associated with long-term sustainment of functional recovery. The 61.1 % reduction of EBW in the present sample appears to be typical of RYGB patients [34] , suggesting that the functional results presented here are likely generalizable to the larger female surgical patient population.
Despite being within the 95 % prediction intervals for all gait variables in the Fels sample, however, most of the bariatric samples (seven of nine participants) were below the regression lines for forward velocity and cadence. Thus, as a group, the bariatric sample walked with a lower cadence and slightly more slowly than expected for their current EBW. It may be that some aspects of preoperative gait are retained in forward velocity and cadence, but given the small sample size, this interpretation is preliminary. Another possibility is that age had a confounding effect on the forward velocity/BMI relationship, but there was no correlation between age and velocity in the bariatric sample (P =0.93). Thus, the possibility that patients retain some preoperative gait characteristics, but not others, postsurgically, merits further study.
This study has several strengths, including an extended time frame for observing changes in weight and physical function, but one limitation is the absence of longitudinal gait data. This limitation is partially addressed with the longitudinal evidence for substantial improvements in the SMFA function index and in TGUG times. The change in TGUG time was particularly stark, improving from a preoperative level typical of 80-99-year-old patients at a high risk for falling [35, 36] to a current value within the 95 % confidence interval for healthy individuals aged 19-29 years old [36] despite of a mean age of 48.7 years. Current TGUG time also appears to be positively related to gait forward velocity (Fig. 3) , showing an association between functional improvement and current gait.
In conclusion, this study found a significant improvement in physical function with excess weight loss in nine women 5 years after bariatric surgery. Gait signatures of these women were characteristic of their current weight rather than their presurgical weight, as shown by a comparison with age-and weightmatched peers. Importantly, this finding demonstrates that the musculoskeletal system can recover from the presurgical experience of high adiposity and can sustain that recovery over the long term. Additional work is needed to explore the possibility that some preoperative gait traits are retained despite surgical procedures, despite an improvement in the other aspects of gait and function. Increased knowledge of the gait recovery process will provide clear information to clinicians and prospective patients on long-term postsurgical expectations for improvement of physical function.
